Background
==========

Atrial fibrillation (AF) is one of the most common arrhythmias observed in clinical practice; it can lead to congestive heart failure, thromboembolism, and stroke. The incidence and mortality rates of AF are very high \[[@b1-medscimonit-21-1414],[@b2-medscimonit-21-1414]\]. Epidemiological studies have shown that the incidence rate of AF doubles every 10 years. It is estimated that 84% of the patients with AF are over 65 years of age, and the incidence rate of AF is as high as 10% in people over 85 years of age \[[@b3-medscimonit-21-1414],[@b4-medscimonit-21-1414]\]. Therefore, AF is considered as a major public health concern and risk factor in the aging population \[[@b5-medscimonit-21-1414]\].

Funny current (If) is a mixed Na^+^-K^+^ inward current mainly expressed in the sinoatrial node, and is a dominant factor for spontaneous depolarization of cardiac muscle in the diastolic phase \[[@b6-medscimonit-21-1414]\]. Hyperpolarization-activated cyclic nucleotide-gated channels (HCN) are the molecular basis of If. The HCN family includes 4 members, among which HCN2 and HCN4 are highly expressed in cardiac tissues \[[@b7-medscimonit-21-1414]\]. Previous studies have suggested that HCN channels mainly exist in the sinoatrial node and have low expression in normal myocardial tissue. However, recent studies have demonstrated that If also exists in other cardiac tissues, including atrium and ventricle, besides the sinoatrial node, which could trigger ectopic tachyarrhythmia \[[@b8-medscimonit-21-1414]\].

It is well known that the incidence of sinoatrial node dysfunction (SND) increases with age and is accompanied by AF and other tachyarrhythmia \[[@b9-medscimonit-21-1414]\]. Decreased functioning of the sinoatrial node facilitates electrical remodeling in the atrium and pulmonary veins, which could increase the local automaticity and triggered activity, and thus increase the risk of AF \[[@b10-medscimonit-21-1414],[@b11-medscimonit-21-1414]\]. Aging, as an independent risk factor, also can decrease the expression of If and HCN channels in the sinoatrial node and increase their expression in the atrium and pulmonary veins \[[@b12-medscimonit-21-1414]\]. Our preliminary study showed that compared with the adult sinus dogs, the mRNA and protein levels of HCN2 and HCN4 in the sinoatrial node decreased in adult dogs with AF. In addition, the lower expression of HCN channels was more pronounced in aging dogs with AF \[[@b13-medscimonit-21-1414]\], suggesting that HCN channels and If mediated by HCN channels could be potential mechanisms of age-related AF.

Ivabradine is a selective and specific If inhibitor that can affect the spontaneous depolarization of the cells in the fourth phase, and thus reduce cellular automaticity \[[@b14-medscimonit-21-1414]\]. As an ion channel inhibitor, Ivabradine has potential antiarrhythmic effects. We hypothesized that Ivabradine could affect the electrophysiological features in dogs with age-related AF. In the present study, age-related AF was induced by rapid atrial pacing followed by the administration of Ivabradine to validate the hypothesis.

Material and Methods
====================

Animals
-------

Twelve healthy aging Beagle dogs, regardless of sex, were used in the present study. The mean body weight of the dogs was 13.40±1.14 kg, and the mean age was 8.66±1.63 years (the age of each dog was estimated by veterinarians according to the age evaluation criteria, including the status of the teeth, fur, muscle, and bone conformation). All dogs were housed and cared for in the Animal Experimental Center at the First Affiliated Hospital of Xinjiang Medical University. Echocardiography was used to exclude organic heart disease, and body surface electrocardiogram was used to confirm the sinus rate. All procedures were performed according to the Guide for the Care and Use of Laboratory Animals issued by the National Research Institution. The study design and processes were approved by the Animal Ethics Committee of the First Affiliated Hospital of Xinjiang Medical University (IACUC), granting ethics approval for use of up to 15 dogs.

Surgery of age-related AF
-------------------------

Basal anesthesia was induced by injecting 30 mg/kg of sodium pentobarbital followed by implantation of a pacemaker through the external jugular vein according to previously described methods \[[@b15-medscimonit-21-1414]\]. All dogs underwent rapid right atrial pacing at a frequency of 600 beats/min for 2 months to induce the age-related AF model. The dogs were randomly divided into 2 groups -- the Ivabradine group and the aging-AF group (according to whether the Ivabradine intervention to divide group) -- with 6 animals in each group. Ivabradine capsule (4 mg/kg/d) was orally administered to the dogs in the Ivabradine group during the pacing for 2 months \[[@b16-medscimonit-21-1414],[@b17-medscimonit-21-1414]\], while no drug was provided to the aging-AF group.

Data collection for cardiac electrophysiology
---------------------------------------------

Inducing rate and duration of AF: S1S1 program was used for the stimulation before and at 2 months after the pacing, respectively. The voltage used was twice the diastolic threshold. Each stimulation was for 30 s followed by an interval of 2 min. A total of 10 stimulations were continuously performed on each dog, and the data on AF were recorded. Multi-lead electrophysiological instrument showing chaotic atrial wave with no P-wave, and f-waves of different sizes, intervals, and shapes that lasted for at least 10 s was considered as successful induction of AF. The duration of AF was the time from the successful induction to the reversal of f-wave to sinus P-wave.

Effective refractory period (ERP) of pulmonary veins and atrium: Pre-program stimulation (S1S2) was used for the pulmonary veins, as well as the left and right auricles at two months after the pacing to measure the ERP. The stimulus threshold was twice the diastolic threshold. One premature stimulus (S2) was applied per eight basal stimulations of S1S1. The scanning was performed with the initial pacing-length of 250 ms and shortened by 5 ms until capture was lost, and the longest S1S2 interval was recorded as the ERP. The ERPs of the pulmonary veins and auricles were measured with the basal stimulus of 400, 350, 300, and 250 ms, respectively, with three measurements for each site per dog, and the mean values were calculated for the analyses. 1) dispersion of ERP was recorded as the difference between the maximum and minimum values of ERP of each site; 2) ERP shortened with the decrease of the base perimeter was considered as ERP frequency adaptation, otherwise it was considered as rate in adaptation of ERP. (ERP 350-ERP300)/50 ms was used to determine the rate adaptation of ERP \[[@b18-medscimonit-21-1414]\].

Statistical analyses
--------------------

The data were expressed as mean ± standard deviation (SD). Chi-square test was used to compare the inducing rate of AF. Analysis of variance was used to compare the ERPs of the pulmonary veins and atrium, and the duration of AF. The statistical analyses were performed using SPSS 17.0 software. P\<0.05 was considered to be statistically significant.

Results
=======

Effects of Ivabradine on the inducing rate and duration of AF
-------------------------------------------------------------

All dogs were stimulated with a frequency of 600 beats/min for 2 months. The inducing rate of AF decreased by 25% in the Ivabradine group but increased by 17% in aging-AF group. The inducing rate of AF was 50% and 43% in the Ivabradine and aging-AF groups at the baseline (P=0.292), and 25% and 60% at two months after the pacing (P=0.001), respectively. During the two months of pacing, the duration of AF decreased from 127.40±9.63 s to 46.60±5.07 s in the Ivabradine group, but increased from 137.60±9.39 s to 205.40±1.14 s in aging-AF group. In addition, the longest duration of AF in aging-AF group was about 1000s. The difference in the duration of AF was insignificant between the two groups before the pacing (127.40±9.63 s *vs.* 137.60±9.39 s; P=0.129), but statistically significant at two months after the pacing (46.60±5.07 s *vs.* 205.40±1.14 s; P=0.001). These findings suggest that Ivabradine reduces the inducing rate as well as the duration of AF after the induction ([Figures 1](#f1-medscimonit-21-1414){ref-type="fig"}, [2](#f2-medscimonit-21-1414){ref-type="fig"}; [Table 1](#t1-medscimonit-21-1414){ref-type="table"}).

Effects of Ivabradine on the ERP of the pulmonary veins and atrium
------------------------------------------------------------------

After basal stimulation with the same frequencies, the ERP decreased gradually with the decrease in basal stimulus at each site in both groups. After the administration of Ivabradine, the ERP of the left auricle (135.00±3.53 ms *vs.* 122.00±4.47 ms; P=0.001) and left superior pulmonary vein (139.00±4.18 ms *vs.* 129.00±4.08 ms; P=0.005) increased significantly. However, no significant difference was found in the ERPs of the right auricle (121.00±4.18 ms *vs.* 115.00±7.90 ms; P=0.172), right superior pulmonary vein (121.00±11.40 ms *vs.* 125.00±7.90 ms; P=0.537), right inferior pulmonary vein (120.00±7.07 ms *vs.* 119.00±4.18 ms; P=0.792), and left inferior pulmonary vein (120.00±5.00 ms *vs.* 116.00±6.51 ms; P=0.308) between the two groups ([Figure 3](#f3-medscimonit-21-1414){ref-type="fig"}, [Table 2](#t2-medscimonit-21-1414){ref-type="table"}). The variation of ERP was (20.00±4.47 ms *vs.* 10.00±3.16 ms; P=0.001) in the atrium and (19.16±3.76 ms *vs.* 10.83±3.76 ms; P=0.003) in the pulmonary veins, respectively ([Figure 4](#f4-medscimonit-21-1414){ref-type="fig"}, [Table 3](#t3-medscimonit-21-1414){ref-type="table"}). As compared to aging-AF group, the ERP frequency adaptation increased in the Ivabradine group, and the difference in the left auricle (P=0.05) and left superior pulmonary vein (P=0.046) was statistically significant between the two groups ([Figure 5](#f5-medscimonit-21-1414){ref-type="fig"}, [Table 4](#t4-medscimonit-21-1414){ref-type="table"}).

Discussion
==========

The present study showed that Ivabradine not only increased the ERPs of the left pulmonary vein and left atrium, but also reduced the duration and inducing rate of AF after induction in a dog model of age-related AF.

Role of If in age-related AF
----------------------------

Several studies have shown that If and HCN channels are closely related to tachyarrhythmia. In some pathological conditions, the abnormal expressions or structures of the HCN channels in the cardiac muscles could lead to increased or decreased If, and finally induce arrhythmia. Chen et al. \[[@b19-medscimonit-21-1414]\] have shown that pulmonary vein cardiomyocytes are rich in If, which increased after rapid atrial pacing. Our previous studies have also shown that If was closely related to AF, and the mRNA and protein levels of HCN channels increased significantly in the atrial muscles of patients with AF \[[@b20-medscimonit-21-1414]\]. The decrease in the sinoatrial node function, increase in the activities of ectopic pacemakers including atrium and pulmonary veins, and increase of local automaticity with age could increase the risk of ectopic arrhythmia \[[@b21-medscimonit-21-1414]\]. Li et al. \[[@b22-medscimonit-21-1414]\] showed that the density of If was significantly higher in the cardiac myocytes from pulmonary vein sleeves of aged dogs with AF than in the ones with sinus rate. Our previous studies have shown that aging could alter the electrophysiological parameters of the atrium in dogs, decrease the sinoatrial node functions, and induce reversed expression of mRNAs and proteins of HCN2 and HCN4 in the sinoatrial node, pulmonary veins, and atrium. The alterations in the electrophysiological characteristics and HCN channels in the atrium could be associated with the development and continuance of age-related AF \[[@b13-medscimonit-21-1414]\].

Effects of Ivabradine on age-related AF
---------------------------------------

Ivabradine is an inhibitor of If in the sinoatrial node, and can reduce heart rate and cardiac efficiency. It is mainly used for the treatment of several cardiovascular diseases, including chronic heart failure and stable angina pectoris, in clinical practice \[[@b23-medscimonit-21-1414],[@b24-medscimonit-21-1414]\]. As an ion channel inhibitor, Ivabradine could also have potential antiarrhythmic effects. In a study by Suenari et al. \[[@b25-medscimonit-21-1414]\], pulmonary vein sleeve cells from rabbits were dissociated for patch clamp examinations, and the existence of spontaneous action potential mediated by If was found, which decreased after the administration of Ivabradine. In another study, a model of chronic AF was induced by rapid atrial pacing in aged dogs, which showed that Ivabradine could inhibit the frequency of spontaneous action potential in the pulmonary vein sleeve cells \[[@b22-medscimonit-21-1414]\]. Specimens from the right auricle were obtained from patients requiring cardiac surgeries, and Ivabradine was added during patch clamp examinations in a study by Chemaly et al. \[[@b26-medscimonit-21-1414]\], which showed that Ivabradine could inhibit the If in the non-pacemaker cells in the atrium similar to the effects in the pacemaker cells in the sinoatrial node, suggesting that Ivabradine could potentially affect the atrial electrical activities. These findings suggest that Ivabradine could reduce the cellular automaticity induced by If by inhibiting the HCN channels and the mediated If in pulmonary veins and atrium, and thus potentially prevent the development of AF.

In the present study, dogs with age-related AF induced by rapid atrial pacing, were administered Ivabradine for intervention. The results showed that Ivabradine could increase the ERPs in the left atrium and left superior pulmonary vein, reduce the duration of AF after induction, and significantly decrease the inducing rate of AF (the incidence rate of AF decreased from 50% to 25%). However, the underlying mechanisms remain unclear. We speculated that Ivabradine could inhibit the If in the atrium and pulmonary veins and thus exert its preventive effects, since the development of age-related AF is related to the triggered activity induced by the increase of If in pulmonary veins. Ivabradine could inhibit the transmembrane velocity of If in the pulmonary veins, reduce the frequency of spontaneous action potential, and thus decrease the risk of age-related AF. Therefore, Ivabradine has potential effects in preventing age-related AF.

However, a meta-analysis performed by Martin et al. \[[@b27-medscimonit-21-1414]\] showed that Ivabradine could increase the risk of incident AF, and patients receiving Ivabradine had 15% higher risk of developing AF, which was the highest among previous studies, as compared to the control group. Ivabradine was also found to decrease the sinoatrial functions while inhibiting the pacing current, and thus increase the risk of AF, which was contrary to our findings. The present study showed that Ivabradine could decrease the incidence of age-related AF, which could be due to inhibition of the If in the pulmonary veins. However, the present study was performed in a dog model of age-related AF induced by rapid atrial pacing; therefore, the effects of inhibiting the heart rate from the sinoatrial node and thus increasing the risk of AF might not be exerted.

Limitations
-----------

Only electrophysiological parameters were examined in the present study to evaluate the relationships between Ivabradine and AF, while the protein levels of single-cell ion channels and HCN channels were measured for the If. Therefore, this study provides some evidence but cannot be directly used in clinical practice. Additional studies are needed to investigate the effects of Ivabradine on the pattern changes of If, as well as the protein and mRNA levels of HCN channels, to understand its effects on age-related AF.

Conclusions
===========

Ivabradine could significantly increase the ERPs of the left pulmonary veins and left atrium, shorten the duration of AF after the induction, and reduce the inducing rate of AF in a dog model of age-related AF induced by rapid atrial pacing. Therefore, Ivabradine has potential protective effects against AF.
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###### 

Inducing rate and duration of AF.

                     Inducing rate of AF (%)   Duration of AF (s)                 
  ------------------ ------------------------- -------------------- ------------- -------------
  Ivabradine group   50                        25                   127.40±9.63   46.60±5.07
  Aging-AF group     43                        60                   137.60±9.39   205.40±3.14
  *P*                0.929                     0.001                0.129         0.001

###### 

ERP of atrium and pulmonary vein.

                     LAA (ms)      RAA (ms)      LSPV (ms)     LIPV (ms)     RSPV (ms)      RIPV (ms)
  ------------------ ------------- ------------- ------------- ------------- -------------- -------------
  Ivabradine group   135.00±3.53   121.00±4.18   139.00±4.18   120.00±5.00   121.00±11.40   120.00±7.07
  Aging-AF group     122.00±4.47   115.00±7.90   129.00±4.08   116.00±6.51   125.00±7.90    119.00±4.18
  *P*                0.001         0.172         0.005         0.308         0.537          0.792

LAA -- left auricle; RAA -- right auricle; LSPV -- left superior pulmonary vein; LIPV -- left inferior pulmonary vein; RSPV -- right superior pulmonary vein; RIPV -- right inferior pulmonary vein; ERP -- effective refractory period.

###### 

Dispersion of ERP in atrium and pulmonary vein.

                     Atrium (ms)   Pulmonary vein (ms)
  ------------------ ------------- ---------------------
  Ivabradine group   20.00±4.47    19.16±3.76
  Aging-AF group     10.00±3.16    10.83±3.76
  *P*                0.001         0.003

###### 

ERP frequency adaptation in atrium and pulmonary vein.

                     LAA         RAA         LSPV        LIPV        RSPV        RIPV
  ------------------ ----------- ----------- ----------- ----------- ----------- -----------
  Ivabradine group   0.24±0.05   0.21±0.07   0.22±0.08   0.16±0.08   0.23±0.08   0.21±0.07
  Aging-AF group     0.16±0.07   0.15±0.05   0.12±0.03   0.18±0.09   0.15±0.08   0.18±0.07
  *P*                0.05        0.11        0.046       0.756       0.111       0.461

LAA -- left auricle; RAA -- right auricle; LSPV -- left superior pulmonary vein; LIPV -- left inferior pulmonary vein; RSPV -- right superior pulmonary vein; RIPV -- right inferior pulmonary vein; ERP -- effective refractory period.
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